One mechanism for generating lahars at volcanoes experiencing unrest is the disruption of internal aquifers. These disruptions can trigger releases of large quantities of groundwater. An example of such aquifer disruption occurred at Nevado del Huila Volcano, Colombia, during February and April 2007 when large fractures formed across the summit area of the volcano and lahars were emitted from them. Previous work interpreted that lahar volumes could not be accounted for by melted glacial snow or precipitation, and by elimination suggested that the primary water source was groundwater. Conceptual models have been developed for perched, confined aquifers that have been heated and pressurized by magma intrusions, followed by sudden pressure release and water emission during fracture formation. We consider an alternative end member wherein water release from large fissures at volcanoes is driven by simple gravity drainage. We apply numerical modeling to quantify water discharge from the porous medium surrounding a fissure with a low-elevation free exit. If a long fracture with high vertical extent (on the order of hundreds of meters) intersects a highly connected saturated porous medium, large volumes (on order 10 3 m 3 /m of crack length) of water may be released within tens of minutes. The drainage rates from the model may be adequate to account for the Nevado del Huila events if the medium surrounding the crack contains a large volume of water and has high horizontal permeability. This simple but poorly understood mechanism can present a hazard on its own or compound other processes releasing water from volcanoes.
Introduction
In terms of initiation mechanisms for lahars, large precipitation events (Umball and Rodolfo 1996; Scott et al. 2005) , snowmelt from volcanic heat (Pierson et al. 1990 ), escape of crater lakes or other surficial water impoundments (Schneider et al. 2008; Graettinger et al. 2010) , and dewatering of debris avalanche deposits (Christiansen and Peterson 1981; Vallance and Scott 1997; Calvari et al. 1998 ) are well-known processes that have been identified at numerous volcanoes globally. An additional water source for lahars may be groundwater. Many volcanoes are snowcapped or experience high precipitation, and so may contain large volumes of groundwater in the interstitial space of fragmental deposits (Delcamp et al. 2016 ). Disturbances to groundwater systems are common during volcanic unrest, including changes in well or hot spring levels and deformation of the surface of the volcano (Newhall et al. 2001) . If large volumes of groundwater are released quickly from volcanoes, lahars may result without the need for involvement of surface sources of water.
Our examination of groundwater-sourced lahars is motivated by the eruptions of Nevado del Huila Volcano (Huila, (Pulgarín et al. 2009 ) and the formation of two large fissure systems near the summit of the volcano (Fig. 2) . The first fissure trended approximately north-south along the axis of the volcano summit, while the second was oblique to it by about 20°-40° (Fig. 3) . Both fissures were estimated at about 2 km in length and up to tens Editorial responsibility: L. Capra of meters wide (Pulgarín et al. 2009 ). Although lahars originating from snowmelt at volcanoes are common (Major and Newhall 1989; Pierson et al. 1990; Coombs et al. 2006; Hemmings et al. 2016) , the volumes of the Huila lahars (a few million cubic meters and 50-75 million m 3 , respectively) were disproportionately high compared to the magnitude of the identified effect on the glacier (Pulgarín et al. 2009 ). These effects were limited to minor erosion of ice by water as evidenced by braided scour channels, as well as melting of ice above or immediately adjacent to the fractures. Water from melting ice can only account for a few hundred thousand to a few million cubic meters of the total lahar volume (Pulgarín et al. 2009 ). Melting of ice at the base of the glacier was also excluded as a dominant contributing source by Pulgarín et al. (2009) because of the steep slopes of the volcano and the lack of craters or other areas to accumulate large volumes of water. Instead, it was interpreted that the primary water source for these lahars was groundwater trapped within the edifice that was released during the phreatic eruptions (Pulgarín et al. 2009 ).
Here, we examine a conceptual model of simple gravitational drainage of a porous medium out of a long, high-relief fissure or crack. This conceptual model is applied to the February and April 2007 lahars only. No topographically prominent fissure was formed for the final, largest lahar in 2008 so other conceptual models must be considered for the last event. We first summarize the events at Huila from 2007 to 2012. We then consider what insight may be gained by simple analytical approaches. Finally, numerical modeling is applied to a simple domain to examine whether and under what conditions simple drainage of a porous medium may result in a hazardously large and rapid release of water. This paper does not aim to provide a definitive explanation of the Huila lahars, but rather to examine one possible conceptual model. If this process is feasible for the generation of large lahars, it could occur at essentially any large, aquifer-hosting volcano worldwide. Meaning that simple drainage from fractures could be a previously unrecognized but common source for lahars.
Setting and 2007-2012 eruption summary
Huila is composed primarily of overlapping andesitic to dacitic lava flows and lava domes, with little evidence of explosive activity (Huggel et al. 2007; Pulgarín et al. 2009 ). The edifice is elongated along a north-south trend connecting four peaks (Fig. 3 )-Pico Norte (North, 5304 m), Pico La Cresta (Crest, 5284 m), Pico Central (5364 m), and Pico Sur (South, 5056 m). Prior to 2007, there had been no recorded historical activity at the volcano. Minor earthquake swarms were detected under and within the volcanic edifice intermittently from 1995 to 2003, and were interpreted as related to minor intrusive events ). Hydrothermal activity was present north of Pico Norte and Pico Central, with scattered fumaroles emitting hot gas through the snowfield (Huggel et al. 2007 ).
Due to its remote location and a history of public disorder in the area, field data are sparse and much uncertainty remains about many aspects of Huila volcano and its eruptive cycle that began in 2007. Several descriptions of Huila volcano and the 2007-2012 eruptive cycle have been published by personnel from the Servicio Geológico Colombiano (Calderón et al. 1997; Correa and Pulgarín 2002; Huggel et al. 2007; Pulgarín et al. 2005 Pulgarín et al. , 2007 Pulgarín et al. , 2009 Santacoloma et al. 2009; Monsalve et al. 2010; Worni et al. 2012) , and the following summary is based on these reports.
The 2007-2012 eruptive cycle began with an earthquake swarm on 18 February, 2007 , at 15:30 UT (Santacoloma et al. 2009 ). Several hours of quiet followed the swarm, and then renewed seismicity began the following day, with gradually increasing frequency of low-frequency events, spasmodic tremor, and volcano-tectonic (VT) type earthquakes until a period of tremor began at 13:53 UT. This tremor was interpreted as an eruption lasting about 6 min, which produced a plume of steam reaching up to about 1 km above the summit. Huggel et al. (2007) . Some uncertainty exists in the contours of the basemap, so that the bottom elevation achieved by each fissure is uncertain A lahar was detected traveling downstream but caused no damage to infrastructure or loss of life. The total volume of this lahar was roughly estimated to be about 10 6 m 3 based on its impact to the river banks (Pulgarín et al. 2009 ). Following this eruption, an overflight was conducted, from which was observed a large fissure across the summit area, estimated at about 2 km long and a few tens of meters wide, and which extended in the north-south direction on the west side of Pico Central (Fig. 3) . A second, smaller eruption occurred a few hours after the first and did not produce a known lahar. The volcano then settled into a period of seismicity that was above previous background levels, but no further eruptions occurred.
A second eruption occurred on 18 April, 2007. A swarm of VT earthquakes occurred about 10 h before the eruption, followed by intermittent and increasingly frequent earthquakes. Notably, this period experienced abundant lowfrequency and hybrid earthquakes indicative of fluid motion ). At 07:59 UT, steady tremor began and lasted up to 30 min, with 16 min of saturated signal followed by 14 min of gradually decreasing amplitude in the observed tremor. Based on arrival times downstream, a pulse of water was released down both flanks of the volcano at about this same time (Pulgarín et al. 2009 ). Pulgarín et al. (2009) . Infrastructure in villages downstream was damaged, particularly bridges. Based on observations from overflights afterwards, a second large fracture had formed with comparable dimensions to the first but oblique to it in the northeast/southwest direction, about 20°-40°off of the trend of the first fracture (Fig. 3) . Petrography of emitted ash and lahar mud suggested that it was composed of hydrothermally altered non-juvenile rock (Monsalve et al. 2010) .
For the rest of 2007 and most of 2008, intermittent phreatic explosions occurred, but no further lahars or large fractures were observed. Seismicity increased in late 2008 ). Beginning in early November of 2008, discoloration of the Río Páez was noted due to an influx of silvery-gray material, which was identified as hydrothermal clay (Monsalve et al. 2010) . Drumbeat earthquakes occurred leading up to a phreatomagmatic eruption on 20 November 2008 local time ). This eruption formed a crater and released a lahar with a volume estimated at 300 × 10 6 m 3 (Worni et al. 2012 )-i.e., much larger than the April 2007 lahars. A glacial source of water for this lahar would require melting of nearly all of the glacial ice present on the edifice (Huggel et al. 2007 ), but effects on the ice were instead limited to the area around the crater. By the time a subsequent aerial overflight was conducted, juvenile magma was beginning to form a dome on the floor of the crater. Dome growth continued in two pulses until 2012. Activity at the first dome diminished in mid-2009, but an overflight on 30 October 2009 found a new dome forming above the first dome (Monsalve et al. 2010 ). Activity at this second dome decreased in November 2010 and had ceased by the end of 2012. The exact date of activity cessation is unknown. At the time of this writing, the volcano was still in repose.
Conceptual model
The precise relationship between the lahars and opening of the fractures is difficult to constrain. Multiple conceptual models are possible and a combination of factors could be involved in the release of water and formation of the lahars. Reports soon after the eruptions (Pulgarín et al. 2009; Santacoloma et al. 2009 ) inferred that magma intrusions prior to the onset of dome growth in 2008 caused thermal pressurization of a voluminous perched, confined aquifer, which eventually caused the edifice to rupture and rapidly release pressurized water. This scenario is plausible for the Huila case and, by extension, represents a pressurization-driven end member of water release. However, we examine an alternative end member model for water release, which is a simple gravity-driven drainage from a large crack with a free exit, as would also have been the case during the formation of the large fractures at Huila.
A variety of geophysical and theoretical methods have suggested that reservoirs of water are common in volcanoes, especially as perched aquifers (Hurwitz et al. 2003; Bedrosian et al. 2007; Finn et al. 2007; Aizawa et al. 2009 ). Precipitation is often high due to orographic effects at tall edifices. Snow and ice melt may account for significant water input, especially when high heat flows accelerate the melting process, although in other cases glacial ice can act as an impermeable capstone that reduces water input high on the volcano (Hurwitz et al. 2003) . The presence of water can weaken volcanic edifices via hydrothermal alteration or pore fluid pressure increases (Reid 2004; Finn et al. 2007; Ball et al. 2015) . Delcamp et al. (2016) discussed how water flows and accumulates within volcanoes and how it can be rapidly released from the escarpment left by a sector collapse-a form of water escape from a tall boundary similar to the work described herein. Water may be abundant in large volcanoes, particularly ones that have not erupted for long periods of time (Delcamp et al. 2016 ). In the Huila case, the volcano had not erupted in historic times, was snowcapped, but with multiple fumarole fields (Huggel et al. 2007) , and has been extensively hydrothermally altered (Monsalve et al. 2010) , suggesting the presence of water.
Other geological processes can cause fracture formation besides overpressurization of an aquifer. Consequently, we make no assumption of any particular process causing the large fracture to form. Instead, we assume only that a large crack has formed, surrounded by a zone of porous, permeable rock. Volcano material parameters are highly variable and porosities can range from near zero in dense lava and some intrusive structures to about 0.5 in fragmented material (e.g., Bartetzko et al. 2006; Bernard et al. 2007; Heap et al. 2017) . Permeability likewise can vary over many orders of magnitude (e.g., Bartetzko et al. 2006; Watanabe et al. 2008; Aizawa et al. 2009; Farquharson et al. 2015; Heap and Wadsworth 2016; Heap and Kennedy 2016; Heap et al. 2017) . Porosity values reported in Heap et al. (2017) , for example, range from about 0.01 to 0.7, and permeabilities range from 10 −19 m 2 to 10 −11 m 2 . Furthermore, recent experimental work (Heap and Wadsworth 2016; Heap and Kennedy 2016) has shown that microfracturing of andesite near intrusions can cause increases in permeability of many orders of magnitude. Consequently, we consider a medium which is in the mid-range of porosity (n = 0.3) and with intrinsic permeability ranging over several orders of magnitude.
Analytical considerations
We simplify the Huila geometry as a two-dimensional cross section through a long, tall crack that intersects a saturated porous medium with a cartesian coordinate system (Fig. 4) . In this setup, any water that flows from the saturated medium into the crack rapidly escapes out the bottom of the crack and leaves the model domain. Consequently, the crack wall may be treated as a boundary of the porous medium and is assumed open and at atmospheric pressure. Analyzing the porous medium with the crack wall treated as the boundary justifies the use of a Darcy's Law-based model. The domain is assumed symmetrical across the fracture zone so that only one wall is analyzed and the results doubled to account for two walls of the crack. During the formation of a major crack, it may be expected that smaller fractures or microfractures extend into the medium from the main fracture, creating a zone of high permeability. Since this zone is limited by either the extent of the edifice or the limited distance of the fractures into the wall, a no-flow (Neumann) boundary is placed at some distance from the crack wall.
A simple Darcy's Law calculation provides a first test of the sensibility of large-volume drainage from a tall crack. For a 1-km-long, 100-m-tall crack draining through both walls at a hydraulic conductivity of 0.01 m/s-equivalent to a clean sand or sand/gravel mixture-and a hydraulic gradient of 0.5 (0.5 m head loss per 1 m), discharge through the wall would be Q = 0.01 m/s × 2 × 1000 m × 100 m × 0.5 = 10 3 m 3 /s. For small streams typical of mountainous areas, this would clearly present a hazard. If such a rate was held constant for 10 min, 6 × 10 5 m 3 of water would be released. Although this is a major simplification, which ignores all timedependent effects, this quick calculation suggests that simple drainage could result in generation of a lahar. Time-dependent effects must, though, be further constrained.
Several analytical solutions have been developed to describe transient-state drainage of porous media during pumping of wells or during slug tests (Theis 1935; Hvorslev 1951; Hantush and Jacob 1955; Butler 1997) . It is tempting to try to apply these solutions to the considered problem in some modified form, but two problems arise with doing so. First, the far-field boundary condition in most established solutions is either a constant-head boundary or no boundary at all, representing the well as essentially a point in an infinite radial aquifer. In either case, a solution can converge on a value because there is an unlimited supply of water available. For the considered problem, the volume of rock to be drained to generate the lahar is limited, negating this assumption. Second, the Bpumping^rate in the considered problem is neither constant nor immediately known, but instead is a function of the drainage of the medium. The rate of water passing out of the wall depends on how much the medium has already drained, with further drainage recursively depending on the discharge rate at any given time. This complicates developing a useful analytical solution. Instead, we use numerical modeling to examine the simple drainage problem.
Numerical modeling

Model description and governing equations
Numerical experiments were conducted using the model Finite Element Heat and Mass (FEHM; http://fehm.lanl.gov; Fig. 4 Schematic for simple Darcian drainage of porous medium, with drainage through left-hand wall of Bbox^at atmospheric pressure, no-flow boundaries at far (right-hand) wall and bottom, and atmospheric pressure boundary at top Zyvoloski et al. 2012) . FEHM is designed for coupled heatstress-mass flow problems and has been applied to a variety of problems including theoretical work (Stauffer et al. 1997) , hydrothermal systems (Yamaguchi et al. 1991; Spinelli and Fischer 2004; Fisher and Von Herzen 2005; Tenma et al. 2008 , Winslow et al. 2016 , radiogenic waste disposal (Birdsell et al. 2000; Arnold et al. 2003; Kelkar et al. 2013; Jordan et al. 2015) , gas contaminant transport (Stauffer et al. 2005) , and fluid flow in lava domes (Ball et al. 2015) . The model has been extensively verified and validated against both analytical solutions when possible and against other models for more complex problems (Dash et al. 2015) . Material properties are assigned to elements within the mesh, and FEHM then solves three conservation equations: conservation of water mass
conservation of air mass
and conservation of energy
where A(m, η) are the mass per unit volume of water and air, respectively; A e is the energy per unit volume; f(m,η,e) are water, air, and energy fluxes; q is the source/sink term; and t is time.
The problem is treated as isothermal at 50°C in order to isolate the effects of simple drainage, which eliminates energy calculations involving the flow of enthalpy. Water and air density and viscosity as a function of pressure and temperature are fitted to National Bureau of Standards data (Haar et al. 1984) .
For the two conservation equations, the water mass per unit volume A m is given by
where S is the saturation and ρ the density of the vapor phase and liquid phase (subscripts v and l, respectively); n is porosity; and η is the mass fraction of air contained in the phase. Air mass per unit volume is similarly
Mass fluxes for water and air, respectively, are the following:
and
where ū is the volumetric flux, also known by many other names such as Darcy flux, specific discharge, etc. (Stauffer 2006 ). Darcy's Law applies to the movement of both phases
where k r is the relative permeability of the respective phases, P is pressure, µ is viscosity of the respective phase, and g is the gravitational vector. For the unsaturated zone, the relationship between saturation, capillary suction effects, and permeability can be described by several formulations, such as that of van Genuchten (1980), Corey (1954) , or simple linear functions. A linear model was applied for permeability and capillary suction effects were ignored, allowing complete drainage of pore space. The relative permeability for water is a multiplier applied to material permeability as the medium becomes unsaturated and is given by the following:
where S lmax is the maximum liquid saturation for the medium and S lr is the residual saturation of the medium. In this case, S lr is zero (complete pore drainage) and S lmax is 1, so the linear function simplifies to R l = S l . Gas permeability increases correspondingly as liquid permeability decreases.
Approach and parameters
The modeling approach examines a two-dimensional halfspace that is symmetrical about the vertical axis, representing a cross section through an infinitely long crack similarly to the analytical approaches. The crack wall is represented as a constant-pressure boundary at atmospheric pressure (0.1 MPa), with a domain of specified properties (Table 1) extending in the positive-x direction. The right and bottom boundaries are no-flow boundaries and restrict the domain to a specified width and height. The topmost boundary is at constant atmospheric pressure. In practice, this domain requires a second Bbox^of dry rock with high porosity and permeability to be added to the crack wall boundary because for a single box the pressure gradient dh/dL at the crack wall diverges as dL is initially zero (Fig. 5 ). This two-box approach creates short but non-zero element lengths beyond the saturated domain, allowing convergence of the solution. In mesh sensitivity studies, discharge rates varied depending on the spacing of the mesh at the boundary between the saturated and dry boxes. For multiple runs with different horizontal spacing, resulting discharge for early timesteps converged toward a single value when the ratio of horizontal to vertical node spacing at the boundary was less than two. The final mesh was 1200 m wide and 600 m tall with wide horizontal spacing far from the crack wall, shrinking geometrically to 0.5 m near the crack where the steepest gradients occur. Designing the spacing in this manner allowed for easier model convergence at the boundary between the two boxes while also limiting node numbers and computational time. The crack wall interface is placed at x = 600 m. The height of the draining portion of the medium is constrained by the maximum elevation of the volcano (5364 m) and the lowest topographic free exit of the cracks (about 5000 ± 40 m). The interior shape of the fissure is also unconstrained. We therefore model fissure faces ranging from 20 m to 400 m. Although the model domain is 600 m tall, only the top 20-400 m are allowed to drain (h c in Fig. 5 ). Including the extra space at the bottom of the model domain allowed storage of the drained water which was found to simplify model convergence. Changes to horizontal or vertical model domain extents were applied as material properties by making inactive areas impermeable, rather than generating a new mesh for each different run. Each model was run for 30 min of model time based on the duration of tremor at Huila.
A draining fissure may not access the full width of the volcanic edifice, but only some portion into which fracture permeability extends. In this case, the horizontal extent of the accessible porous medium normal to the crack wall may be spatially limited. For examination of spatially limited domains, runs were conducted with an equal available volume of water (~12,500 m 3 ) with different aspect ratios of the medium. For this purpose, if the crack wall is taller, the horizontal extent of the medium is reduced and the aspect ratio h/w increases ( Table 2 ). Note that the width term in this aspect ratio refers to the horizontal extent of the porous medium perpendicular to the crack wall. The width of the drainable portion of a volcano aquifer likely depends on the penetration depth of fracture permeability surrounding the fissure wall, with a maximum possible distance constrained by the total horizontal width of the edifice. Higher porosity would result in a lower spatial extent for equal volume. Unfortunately, model convergence could not be achieved for a tall fissure wall with porosity above n = 0.3, so this analysis was not conducted.
Results
For a single model run at permeability k = 10
−10 m 2 , porosity n = 0.3, a wide (600 m) horizontal extent, and a 400-m-tall crack, total discharge after 30 min is about 1020 m 3 per meter of crack length. A permeability of 10 −10 m 2 is lower than the equivalent value for the hydraulic conductivity in the Darcian calculations presented above (~5 × 10 −9 m 2 for water at 50°C) but was the maximum value where model convergence was achieved. For crack heights of 20, 100, and 200 m, the resulting curve is parabolic, which is reasonable because increasing the crack height increases both the surface area of the crack and the hydrostatic pressure in the additional crack depth. For an isotropic, homogeneous medium, discharge Right-hand box is saturated at hydrostatic pressure, while left-hand box is initially unsaturated at atmospheric pressure. A segment of the barrier at a specified crack height is made permeable, allowing saturated box to drain into dry box Water temperature (°C) 50
Saturated box width (m) 600 Saturated box height (m) 600
Dry box width (m) 600 Dry box height (m) 600
Dry box porosity (−) 0 . 9 decreases predictably with permeability ( Fig. 6 ) due to the implementation of Darcy's Law in FEHM.
Results differ considerably when the horizontal domain is more limited in extent (Fig. 7) . In this case, the tallest wall does not result in the most drainage after the 30-min period. If the aspect ratio is high, the drainage rate early in the run is high (Fig. 8 ) but decreases as far-field head drops. A short, wide domain drains more steadily over a longer period of time, but at a lower rate. For a given duration, some optimal combination of a tall crack boundary and a wide porous medium can result in more water release than either a tall, narrow draining medium or a short, wide one. A tall, narrow medium would result in this case in a short, intense lahar pulse while a wider, shorter domain would trigger a smaller pulse followed by a longer tail of high stream flow. The peak 30 min discharge with porosity of 0.3 applies only to the considered case, such that the time of maximum discharge and amounts of water would vary with porosity, but more generally, these results suggest that for any given scenario high drainage rates will occur until the water surface begins dropping in the entire domain, and then decrease rapidly. In no case did the medium come close to draining fully.
Discussion
All calculations and numerical experiments suggest that if a long, high-relief crack with a topographically low free exit forms in a volcano, rapid release of large volumes of water is possible if the porous medium surrounding the crack has sufficient permeability. Although defining a large volume of water is subjective, a permeability of about 10 −10 m 2 , equivalent roughly to a clean sand, may be adequate to produce a Huila-scale lahar from a large fissure system. This permeability is higher than that of typical volcanic materials (Farquharson et al. 2015; Heap et al. 2017) , but is realistic if secondary fractures form in already-permeable volcanic rock. Scaling of discharge with permeability is linear, an outcome of the implementation of Darcy's Law in FEHM. This approach and these results indicate that continued research into the hydrologic properties of volcanoes is merited. If abundant water appears to be available in many volcanoes, there may exists considerable hazard from simple drainage even in the absence of other volcanic activity. Defining a general, critical permeability or fracture dimension for a large lahar is difficult because the volume and discharge rate of a lahar necessary to create a hazard varies by location. Lower permeability may result in hazardous lahars in small drainages or when groundwater discharges are combined with other water sources.
For an initial pulse of water from a tall crack in a medium with sufficient permeability, discharge scales with crack height. Shortly following formation of the crack, the relationship is parabolic. Consequently, for simple drainage, a taller crack would generally create a much larger lahar pulse than a crack with low vertical relief. This assumes that the height of the saturated porous medium is also many meters to hundreds of meters tall so that there is a large surface area and abundance of water available. Longer-term drainage from a limited-width aquifer is more complicated, and our results 
Equal volume, varying aspect ratio
Aspect ratio (h/w) Medium drained (%) Fig. 7 Thirty-minute volumetric drainage (%) of media for different ratios of boundary height vs. porous medium width. Porosity for all runs is n = 0.3. Medium heights and widths are scaled to a total available volume of~12,500 m 3 . Higher aspect ratio values indicate taller, narrower draining media suggest that a reasonably high discharge rate from a shorter crack may be maintained if the draining medium extends far into the surrounding edifice.
Evaluating lahar hazards in relation to crack height becomes more complicated in a scenario where there is limited drainable aquifer volume near the crack wall. A taller crack will generally cause a larger pulse of water than a shorter crack, but in equal-volume cases, a shorter crack may maintain a higher discharge rate for longer, such that for equal periods of considered time the shorter crack actually releases more water. As the width of the drainable area increases, longterm streamflow may be elevated above pre-eruption levels for a long time after the eruption onset. The hazard situation may therefore be more complicated than a simple evaluation of crack height. This suggests that future coupling between volcano drainage modeling such as that presented in this paper and modeling of a fluvial system down which a lahar is traveling is possible and could give interesting insight into downstream lahar hazards resulting from simple drainage of a volcanic edifice. Such an approach might help constrain at a situational level the magnitude of fracture and permeability of the medium required to generate a lahar in a given scenario. A further complication concerning the horizontal extent of volcano aquifers is that there may be greater horizontal extent lower in the crack, but with a reduced topographic prominence. The width of the drainable aquifer may increase as the width of the volcanic cone increases, so that the final result is a large initial pulse of water from the entire crack, but with a rapid decrease to a lower rate but longer duration continued drainage out of the lower portion of the fissure system.
In the context of the Nevado del Huila eruption, our results suggest that there could have been a major component of lahar water that resulted from simple drainage, although other proposed explanations such as the ruptured-pressurized confined aquifer model are supported by geophysical data. One challenge of applying this or other techniques in an explanatory sense for Huila is that the source conditions for the lahar are not known; no direct observations were taken at the summit area. Worni et al. (2012) were able to quantify discharge rates from hydrographs and wetted area measurements for the April 2007 lahar, with a peak sum discharge down the two major drainages (Río Páez and Río Símbola) of~20,000 m 3 /s total, but the nearest reported measurement was 24 km downstream from the summit. By this distance, the lahar would have bulked considerably by incorporating sediment and additional water. A direct comparison of numerical modeling or analytical results to the rate of water emission at the summit is therefore unachievable for this eruption. However, considering a range of potential emission scenarios does allow for a general intuition about simple drainage as a contributor to the Huila lahars.
For a 1-m-thick slice through a 400-m-tall crack wall, our modeling yielded a 30-min volume of 1020 m 
Note that this assumes drainage through both walls of a symmetrical, rectangular crack, hence the doubling of the calculation. The average discharge rate for the entire crack in this scenario is~2200 m 3 /s. For the February 2007 eruption, there is more than adequate height available to produce a lahar up to a few million cubic meters even without snowmelt and downstream bulking, provided the medium is sufficiently permeable. It is less clear whether simple drainage could account for the larger April 2007 lahar. Our modeled value in this scenario accounts for 6.4 to 9.6% of the total estimate range of 50 × 10 6 m 3 to 75 × 10 6 m 3 for the April 2007 lahar and an order of magnitude lower discharge rate than the peak observed rate of 20,000 m 3 /s described in Worni et al. (2012) . This would imply a tenfold increase in lahar volume and discharge rate within the first 25 km to reach the values reported in Pulgarín et al. (2009) and Worni et al. (2012) . Bulking at this level would be somewhat greater than the~fivefold increase reported at Casita, Nicaragua (Scott et al. 2005) , which originated from a sediment-rich flank collapse. Tenfold increases in volume have been reported within very short distances (3 km) from small glacial outburst floods (Breien et al. 2008) , and a bulking factor of 1/km was determined from modeling a water-rich lahar source from a crater lake at Ruapehu (Fagents and Baloga 2006) . A tenfold bulking of the April 2007 Huila lahar by the time it reached the first observation point 24 km downstream from the volcano (Worni et al. 2012 ) is plausible but not axiomatic. Simple drainage could explain a major component of the 2007 Huila lahars.
A notable characteristic of the two fracture/lahar events is that the two cracks intersected, yet the second fissure system was able to release much more water than the first. Intuitively, the second crack ought to have intersected porous media that already drained in the first lahar. One possibility is that the fracture network created during the February 2007 event was discontinuous, such that only a small portion on the south side of the central peak was able to access the free exit. In this scenario, water could have accumulated within the undrained portions of the first crack system and also infiltrated into new pore spaces created during the first fracturing event, and then been released when accessed by the second fracture system. A second possibility is that the aquifer system was very discontinuous, for example, in localized areas of very high porosity, which the February 2007 fractures could not access but which could be breached during the April 2007 event. Finally, the first eruptive event may not have tapped water sources far from the fracture, or permeability may have decreased rapidly due to closing of small fractures as the volcano drained. Renewed fracturing during the second eruption episode could have accessed more of the pore space within the volcano and allowed more extensive drainage than the first eruptive episode.
Our approach has several simplifications that should be noted. First, we consider a very simple homogeneous, isotropic medium. Actual volcano aquifers will clearly be far more complicated. We also do not account for the formation and growth of the crack but instead impose an instantaneous, atmospheric pressure boundary. Finally, we deliberately did not include thermal effects in our analysis in order to examine simple drainage, but in a realistic volcanic scenario, thermal effects would be important.
Based on our results, simple drainage could be a source mechanism for large lahars, which provided a water-rich volcanic edifice that forms a topographically prominent crack. This is a lahar source that has not been previously considered, but could potentially occur at any large volcano worldwide if water is present. Large glaciated but hydrothermally active volcanoes, such as numerous Cascades or Andean volcanoes, could be candidates for this type of event and could form large lahars even in the absence of strong eruptions or large flank collapses. Likewise, volcanoes with high precipitation, particularly in tropical regions where rainfall may be meters per year, could also have large volumes of internal water. Aquifer drainage could also add additional water to ice melt, collapses, or other lahar sources if edifice fracturing occurs.
The possibility of large lahars from simple drainage also suggests that other historic eruptions with lahars could be reexamined in the context of this process. For example, in some cases, topographically prominent fractures have formed at volcanoes. Fractures~1500 m long formed across the summit and down the flanks of Mt. St. Helens during early unrest in 1980 (Christiansen and Peterson 1981) . It is unclear if water was released from these fractures, but in future similar cases of deformation, a deliberate search could be undertaken for evidence of liquid water released from the fracture exit. Similarly, fractures and chains of pit craters developed at Pinatubo in the months preceding its cataclysmic 1991 eruption (Wolfe and Hoblitt 1996) , although again it is unclear if liquid water was released from these features. Another criteria for potential reexamination would be lahars where water origins are uncertain. Lahars with large clasts of ice were observed at Redoubt in March of 2009, but some uncertainty was reported in the source of the liquid water component that supported the ice (Waythomas et al. 2013) . Waythomas et al. (2013) suggested that perhaps small pyroclastic density currents melted snow, but could not identify deposits from these; they also suggested that perhaps meltwater of undetermined origin had breached ice dams and caused an outburst flood. Events such as these could be potential cases where a groundwater contribution to the lahar that are not being noticed or reported because of coincident effects on the ice.
Conclusion
We examine simple drainage of a porous medium through a long, high-relief fracture. A large lahar can be triggered by simple gravity drainage of groundwater from a volcanic edifice in this manner if the edifice material is sufficiently permeable and porous. Furthermore, water released this way could add to lahars generated in other ways, for example, by adding additional water volume to snowmelt-triggered lahars. Our work also carries implications for water release in other scenarios in which tall boundaries are created, such as water escape from the remaining escarpment following an edifice collapse as suggested by Delcamp et al. (2016) , or from fractures formed during earthquakes or non-volcanic landslides. This suggests that further research on the prevalence and characteristics of volcano aquifers, and the disruptions experienced by those aquifers during unrest, would be useful in further constraining this hazard.
One consequence of this conceptual model is that it suggests that relatively small eruptions, such as the precursors to the 2009-2012 Huila dome growth, could create unexpectedly large lahars, even in the absence of pyroclastic density currents causing snowmelt. As demonstrated at the Huila eruptions, this hazard can occur early in volcanic unrest with potentially short periods of warning (about 24 h for the first Huila lahar and only about 12 h for the second lahar). Furthermore, an eruption is itself not necessary to trigger in this model, so long as some process occurs that leads to the formation of a tall fracture through an aquifer. All that is necessary is for large volumes of water to be present within the edifice, a crack to form with a topographically low free exit and large topographic expression, and a permeable medium. This model represents a simple and previously unrecognized water source for lahars.
